A mid-infrared ethane (C 2 H 6 ) sensor based on a wavelength modulation spectroscopy (WMS) technique was developed using a thermoelectrically cooled (TEC), continuous-wave (CW) interband cascade laser (ICL) emitting at 3.34 μm and a dense multi-pass gas cell (MPGC, 17×6.5×5.5 cm 3 ) with a 54.6 m optical path length. A compact optical sensor system with a physical size of 35.5×18×12.5 cm 3 was designed and constructed. An ICL was employed for targeting a strong C 2 H 6 line at 2996.88 cm -1 at < 100 Torr gas pressure in the fundamental absorption band of C 2 H 6 . The sensor performance, including the minimum detection limit (MDL) and the stability were improved by reducing the effect of laser power drift by means of the 2f/1f-WMS technique. A MDL of ~1.2 parts per billion (ppbv) for 2f-WMS and ~1.0 ppbv for 2f/1f-WMS were achieved, respectively, with a measurement time of 4 s. The MDL was further improved from 299 pptv (@108 s for 2f-WMS) to 239 pptv (@208 s for 2f/1f-WMS), based on an Allan deviation analysis. The rise time (@0→100 ppbv) and fall time (@100→0 ppbv) were determined to be ~64 s and ~48 s, respectively, at a gas pressure of < 100 Torr for the C 2 H 6 sensor operation.
Introduction
Ethane (C 2 H 6 ) is the second-largest component of natural gas after methane (CH 4 ) and is used in the chemical industry in the production of ethylene (C 2 H 4 ) or as a feedstock in the manufacture of other commodity chemicals. C 2 H 6 is a combustible gas at room temperature and is explosive when it is mixed with 3~12.5% volume of air. C 2 H 6 occurs as a trace gas in the earth's atmosphere, at concentration levels of several ppbv, although its pre-industrial concentration levels were lower since a significant proportion of the ethane in the atmosphere originates from fossil fuels. Hence, as one of the most abundant non-methane hydrocarbons in the atmosphere at ppbv concentration level, C 2 H 6 influences both atmospheric chemistry and climate [1, 2] , and is therefore an important gas in environmental monitoring [3, 4] . Furthermore, ultra-sensitive C 2 H 6 detection has also found applications in human breath analysis as a non-invasive method to monitor and identify diseases, such as lung cancer, asthma, by the detection of C 2 H 6 concentrations in exhaled human breath [5] [6] [7] .
Infrared tunable direct laser absorption spectroscopy (TDLAS) [8] [9] [10] enables non-contact trace gas measurements, and has proven to be an excellent tool for sensitive and selective detection in environmental [11] [12] [13] , biomedical [14] [15] [16] [17] [18] [19] [20] , industrial [21, 22] and national security [13] applications.
TDLAS requires a tunable laser exhibiting single frequency emission and a narrow linewidth at the targeted absorption line of a gas molecule in order to achieve high detection sensitivity and selectivity in the mid-infrared spectral range. Commercially available laser sources generally include semiconductor lasers, difference-frequency generation (DFG) [23] , optical parametric oscillators (OPOs) [24] in the past, but in recent years quantum cascaded lasers (QCLs) [25] in the 3.7-12 µm spectral range and interband cascaded lasers (ICLs) in the 3-6 µm spectral range with low power-consumption [26] provide advantages 5 in terms of continuous-wave (CW), distributed feedback (DFB) output power levels (up to hundreds of mW for QCLs and tens of mW for ICLs) and compactness. C 2 H 6 has strong absorption features in the 3-4 μm spectral region where its fundamental absorption band is located. C 2 H 6 detection with high precision and sensitivity take advantage of a line strength of several orders of magnitude stronger than in the near infrared overtone absorption band. A mid-infrared C 2 H 6 absorption spectrometer using a TEC, DFB diode laser and a 57.6 m optical path-length multipass gas cell (MPGC) was reported in Ref. [27] . C 2 H 6 measurements with a minimum detection limit (MDL) of 740 pptv were achieved at ~3.36 µm with a 1 s integration time. Furthermore C 2 H 6 measurements based on a CW, thermoelectrically cooled (TEC), DFB laser diode were performed with a 100 m optical path length astigmatic Herriott cell and a MDL of 240 pptv with a 1 s integration time was obtained [28] . Although these sensor systems achieved ppt detection sensitivities, they were too large to be suitable and convenient for some applications such as in field measurements (eg. mobile and airborne).
In this work, a compact C 2 H 6 sensor system based on a compact MPGC with a physical size of 35.5×18×12.5 cm 3 and a 54.6 m absorption length was employed. A TEC, CW, DFB, ICL centered at 2996.88 cm -1 from Nanoplus (Germany) was used as the excitation source. The optical components were mounted on an aluminum plate, which provided good mechanical stability for sensing performance. Both 2f-wavelength modulation spectroscopy (WMS) and 2f/1f-WMS [29] [30] techniques were adopted in the reported sensor system, and the latter technique was shown to be more stable for field applications.
Sensor configuration and optimization

Optimum C 2 H 6 line selection
Most atmospheric trace gas species have strong fundamental absorption band in the mid-infrared spectral range, which facilitates the sensitive and selective detection of atmospheric trace gases in this spectral range. Ethane has a strong absorption band located at 3.34 μm. At this wavelength, the potential spectral interferences mainly originate from methane (CH 4 ) and water (H 2 O), which will affect the C 2 H 6 detection.
High-resolution transmission molecular absorption database (HITRAN) is a worldwide standard for calculating or simulating atmospheric molecular transmission and radiation, which covers a wide spectral 6 region from the microwave to the ultraviolet [31] . HITRAN absorption spectra of 10 ppb C 2 H 6 , 1. 
Sensor design
The C 2 H 6 sensor architecture is depicted in Fig. 2(a) , which includes both the optical and electrical sub-systems. In the optical part, a Nanoplus CW, DFB, TEC ICL was used as the excitation source and which is mounted in a TO66 header. The compact MPGC consists of two concave spherical mirrors capable of a novel, dense spot pattern, as shown in the insert of Fig. 2 acquire the 1f and 2f spectra from the LIA for 2f-WMS and 2f/1f measurements. In addition, a compact, oil-free vacuum pump (Knf Neuberger Inc., model N 813.5 ANE/AF) and a pressure controller (MKS Instruments, Inc., Type 649) were used to pump gas into the MPGC and to control the gas pressure inside the cell, respectively.
ICL characterization and optimization
The ICL has a wavelength of 3.337 μm in order to target the C 2 H 6 absorption line at ~2996.88 cm -1 . The Nanoplus TO66-mounted ICL (physical size: 5×5×5 cm 3 ) can be operated at temperatures between 5 ℃ and 15 ℃ without forced air or water cooling. A Fourier transform infrared (FTIR) spectrometer (Thermo Scientific, model Nicolet 8700) and a power meter (Ophir Optoelectronics, model 3A) were employed to measure the ICL emission wavelength and power, respectively, at different driving currents. The measured I-V (current-voltage) and P-I (power-current) curves are show in Fig. 3(a) . The maximum measured optical power was ~10.5 mW when the ICL was operated at a temperature of 10 ℃ and an injection current of 55 mA. The emission wavenumber can be tuned from 2994.2 cm -1 to 3002.7 cm -1 , as depicted in Fig. 3(b) . The current and temperature wavelength-tuning coefficients for this ICL were experimentally determined to be −0.1415 cm -1 /mA and −0.3014 cm -1 /℃. An ICL injection current of 47 mA and a 10 ℃ operating temperature were selected for C 2 H 6 concentration measurements at the 8 interference-free absorption line of 2996.88 cm -1 .
To optimize the sensor performance, both the gas pressure and the wavelength modulation depth (denoted by Δυ) must be appropriately chosen to achieve the highest 2f signal. For this purpose, a certified standard gas cylinder containing 1.14 ppm C 2 H 6 balanced by ultra-high purity (UHP) N 2 was employed for the optimization of the C 2 H 6 sensor system. Since the developed sensor will be primarily used for atmospheric C 2 H 6 detection, low-cost N 2 was chosen as the balance gas, which has a molecular weight similar to air. For each individual pressure ranging from 50 Torr to 200 Torr, the 2f signals were recorded with different modulation amplitudes, as depicted in Fig. 4 . The modulation amplitude curve as a function of modulation depth is also plotted in Fig. 4 . The results illustrate that the maximum C 2 H 6 2f signal is achieved at a pressure of 200 Torr and a modulation depth of 0.142 cm -1 which is based on the measured DC tuning coefficient. However, taking into account the interference from the CH 4 absorption line mentioned previously in section 2.1 (see Fig. 1 ), the most suitable pressure and modulation depth are 100
Torr and 0.074 cm -1 , respectively, corresponding to an amplitude of the modulation signal of ~0.026 V.
The selected absorption line width (γ) is ~0.048 cm -1 based on the HITRAN data base and an optimized modulation coefficient of Δυ/γ = 1.58 was achieved.
Sensor performance assessment using 2f-WMS and 2f/1f-WMS modulation
Experimental details
For both 2f -WMS and 2f/1f -WMS detection techniques, the driving current and laser temperature were set to 47 mA and 10 ℃ for tuning the ICL wavelength to be centered at 2996.88 cm -1 . The pressure in the MPGC was set to 100 Torr. The scan signal used a triangular signal with a frequency of 0.3 Hz and a peak-to-peak amplitude of 200 mV, and the modulation signal employed a sinusoidal signal with a frequency of 5 kHz and an amplitude of 0.026 V. The sensitivity of the lock-in amplifier was set to 50 mV, and the integration time to 10 ms. The generated 1f and 2f signals are sent to a DAQ card for data sampling. The sampling rate of the DAQ card was set to be 1 kHz, and as a result, each triangular period (including two C 2 H 6 spectra) contains 3333 data points. Data sampling was triggered by the triangular-wave scan signal to obtain the position of the peak value of the 2f signal during a scan (denoted 9 by max(2f) ), as depicted in Fig. 5(a) ) as well as the position of the mean value of 1f signal (denoted by mean(1f), as depicted in Fig. 5(b) ). The mean(1f) value represents the average power of the laser, which can be used for minimizing the drift of the laser power and thus enhancing the sensor system stability [29] .
Both the max(2f) and mean(1f) data were recorded by the computer for subsequent processing and analysis.
C 2 H 6 samples with different concentration levels (0~100 ppb) were prepared with a gas dilution system (Environics Inc., Series 4040). The 2f and 1f waveforms at concentration levels of 10, 50 and 90 ppb are shown in Fig. 5 (a) and 5(b), respectively. In Fig. 5(a) , the value of max(2f) increases as the concentration levels increase, due to the increased absorption at the peak absorption wavelength. In Fig. 5(b) , the value of mean(1f) remains constant for the three selected concentrations. However, due to ICL power variations, both values will change for relatively long observation periods, as shown in Fig. 5(c) . Furthermore, the three pairs of curves show the same variation trend. Hence, the ratio of max(2f)/mean(1f) can been used to reduce the effect of the ICL power drift.
Calibration and data-fitting
Ten C 2 H 6 samples covering a concentration range from 10 to 100 ppbv spaced 10 ppbv apart were prepared with the standard gas generator described in Sect. 3.1. The generated gas samples were pumped into the MPGC. Fig. 6(a) shows the measured value of max(2f) and the ratio of max(2f)/mean(1f) versus the calibration time t. Each sample was tested for ~7 minutes. The ratio of max(2f)/mean(1f) is more stable compared to max(2f) due to eliminating ICL power variations. The measured data of max(2f) and max(2f)/mean(1f) for each concentration were averaged and plotted as a function of the nominal concentration as shown in Fig. 6(b) . A linear relation was observed between max(2f) and C and also between max(2f)/min(1f) and C is given by: C = 24.26928 max(2f) -6.62283
(1)
In Eqs. (1) and (2), due to data-fitting errors, the intercepts of the two curves is not zero. Eqs. (1) and (2) 10 with the measured data of mean(1f) and max(2f) will be used to determine the C 2 H 6 concentration levels .
Stability
Initially, C 2 H 6 measurements with zero gas were performed over a period of ~2 hours, and the measured concentrations using both 2f-WMS and 2f/1f-WMS techniques were recorded. An Allan variance is utilized to analyze the stability and the minimum detection limit (MDL) for the two techniques. Fig. 7(a) exhibits the measured concentration versus time t and the Allan deviation as a function of the integration time t with the 2f-WMS technique. The plot indicates that the MDL is ~ 1.19 ppbv for a 4 s measurement time, and also shows an optimum integration time of 108s corresponding to a MDL of ~ 299 pptv. The decreasing red solid line, which is proportional to (1/τ) 1/2 , indicates that the theoretical expected behavior of a system is dominated by white noise. For the 2f/1f-WMS technique, the Allan deviation as a function of integration time t is shown in Fig. 7(b) . The MDL is ~1.05 ppbv for a 4 s measurement time. The Allan plot yields an optimum integration time of ~208 s with an MDL of 239 pptv, which is better than the MDL when using the 2f-WMS technique. Hence, the H 2 C 6 sensor system stability was improved by means of the 2f/1f-WMS technique.
Response time
A "Y" feed line with two entrance ports and one exit port, as shown in Fig. 8(a) was implemented in order to determine the response time. The exit port was connected to the MPGC through a pressure controller. One entrance port was connected to the gas dilution system, through which the prepared gas sample was supplied and the second entrance port was connected to the N 2 cylinder. The two entrance ports could be switched "on" or "off" by two needle valves for the response time tests. With such a measurement scheme, the dynamic PID control process for the gas dilution system does not require to be considered, and the response time is determined by gas flow and cell volume. The measurement results are shown in Fig. 8(b) which indicate a 10-90% rise time and the 90-10% fall time of ~ 64 and ~ 48 s, respectively.
Dynamic measurements 11
The dynamic performance of the sensor was tested next. The output port of the gas dilution system was connected directly to the MPGC via the pressure controller. As shown in Fig. 9 , the total measurement time was 600 s. The C 2 H 6 concentration initially changes from 0 ppbv to 50 ppbv, then decreases to 20 ppbv, and finally increases to 90 ppbv. The concentration level rises sharply, which implies that the sensor response time is shorter than the dynamic PID adjustment time. As the concentration increases, it takes more time for sample preparation and stabilizing the concentration levels. It was shown that the detection results of all samples were equal to the standard values, which illustrates an acceptable detection performance of the reported C 2 H 6 sensor system. Furthermore, there is no apparent difference between the 2f-WMS technique and 2f/1f-WMS technique because of the short observation time of each sample.
Conclusions
In this paper, we reported the design and performance of a mid-infrared C 2 H 6 sensor based on a compact optical platform and a CW, DFB, TEC ICL. A C 2 H 6 sensor system with a physical size of 35.5×18×12.5 cm 3 was implemented, consisting of an ICL, a MCT detector, mirrors, and a MPGC with a physical size of 17×6.5×5.5 cm 3 . The ICL with a wavelength of ~3.34 μm combined with 2f-WMS and 2f/1f-WMS was applied to an interference-free absorption line located at 2996.88 cm -1 at a pressure of 100 Torr in order to achieve C 2 H 6 measurements at ppb-level concentration levels. The optimum modulation depth was 0.074 cm -1 . The sensor performance was improved by reducing the effect of ICL power drift by means of the 2f/1f-WMS technique. The MDL is ~1.19 parts per billion (ppbv) for 2f-WMS and ~1.05 ppbv for 2f/1f-WMS techniques, respectively with a measurement time of 4s. Furthermore, the sensor stability can be improved from 299 pptv (@108s for the 2f-WMS method) to 239 pptv (@208s using the 2f/1f-WMS method). The detection sensitivity and stability of the reported C 2 H 6 sensor system can be further improved by a re-design of the optical sensor components to further suppress optical fringes by implementing line-locking functionality which requires addition of a reference channel. 
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